Growth at temperatures of >60"C and utilization of polysaccharides have not been reported previously in members of the genus Spirochaeta. Two obligately anaerobic, extremely thermophilic (optimum temperature, 65°C) spirochetes were isolated from geographically distant thermal sites. These two isolates have chemoorganotrophic fermentative metabolism and grow on a variety of mono-, di-, and polysaccharides, including cellulose. The differences in pH and NaCl concentration optima between these organisms reflect the prevailing conditions at the sites from which they were isolated. DNA-DNA hybridization showed that the two strains exhibit a level of homology of 87%. On the basis of their morphological characteristics, their high level of homology with each other, and their extremely thermophilic and polysaccharolytic nature, we propose that these organisms should be included in the genus Spirochaeta as a new species, Spirochaeta thermophih; the type strain of this species is strain 2-1203 (= DSM 6578).
The spirochetes belonging to the genus Spirochaeta include both obligately and facultatively anaerobic free-living forms which have been isolated from a variety of aquatic springs, including thermal springs (Fll) . Recently, an obligately anaerobic, polysaccharolytic, extremely thermophilic spirochete, Spirochaeta sp. strain RI 19.B1, was isolated from a brackish (0.76% NaCl) hot spring having a neutral pH on Raoul Island, Kermadec Archipelago, New Zealand. The characteristics of this organism have been described previously (10). A similar organism, strain Z-1203T (T = type strain), was isolated from a marine hot spring on the beach of Shiashkotan Island, Kuril Islands, Kamchatka, USSR (11). In this paper we characterize these two strains and designate strain 2-1203 the type strain of a new species, Spirochaeta thermophila.
MATERIALS AND METHODS
Strains. Strains RI 19.Bl (= DSM 6192) (10) and Z-1203T (= DSM 657gT) (11) were obtained from our culture collections in New Zealand and the USSR, respectively. The isolates described by Patel et al. (9) did not survive long-term storage and could not be used in this study.
Culture methods. Strain RI 19.B1 was grown on bicarbonate-buffered medium CBM4 as described previously (10). Strain Z-1203T was grown on bicarbonate-buffered medium CBM15, which had the same composition as medium CBM4 except that the NaCl and MgC1, . 6H,O concentrations were raised to 15 and 2 g/liter, respectively.
Growth on amorphous cellulose as a sole carbon source was determined by adding 5 g of amorphous cellulose per liter to medium CBM15. Amorphous cellulose was prepared by adding 25 g of Avicel to 1,000 ml of 5 M ZnCl,, and this suspension was added to 4,000 ml of vigorously stirred distilled water. The resulting white flocculent was recovered by centrifugation at 8,000 rpm for 20 min. The combined pellets were washed three times with distilled water and suspended overnight in 1,500 ml of 25 mM disodium EDTA. The flocculent was centrifuged again and washed four times with distilled water. The washed amorphous cellulose was stored as a slurry at 4°C.
Analytical techniques. The physiological and metabolic properties, antibiotic susceptibilities, and DNA base compositions were determined as previously described (10). The level of DNA-DNA homology between the two strains was calculated from data obtained from optical reassociation kinetics by using the methods of DeLey et al. (4).
RESULTS AND DISCUSSION
Thermophilic spirochete strains. Strains RI 19.B1 and Z-1203T were isolated and characterized previously in two separate studies (10, 11). The salient characteristics of these two strains and strain Rt3-BS1, which was described by Patel et al. (9) , are shown in Table 1 . The morphology of strains RI 19.B1 and Z-1203T, together with their free-living nature and obligately anaerobic metabolism, places them in the genus Spirochaeta. These two strains have guanine-pluscytosine ratios of 52 mol%; their level of homology as determined by DNA-DNA hybridization is 87%. We propose that these two strains represent a new species, Spirochaeta thermophila, with strain 2-1203 (= DSM 6578) as the type strain.
Morphological characteristics. The helical cells of both strains exhibited regular coiling (Fig. 1) . Spherical bodies and tails similar to those observed in other spirochetes (1, 10) were present in the stationary phase. Electron microscopy revealed morphological features similar to those observed in other spirochetes (5, 6), including two periplasmic flagella and a central coiled protoplasmic cylinder, both of which were surrounded by a crenulated outer sheath. The periplasmic flagella were present in a 1-2-1 arrangement and were subterminally anchored by insertion discs. Thus, the two strains had morphological properties consistent with the properties of members of the order Spirochaetales (2, 3).
Nutritional characteristics. Both strains utilized a wide range of monosaccharides, disaccharides, and polysaccha- Glucose was fermented to acetate, carbon dioxide, hydrogen, and lactate. Strain Z-1203T also produced isobutyrate as a minor end product when it was grown in the presence of yeast extract. Studies of the enzymology of the metabolic pathways of these strains (8) showed that glucose was fermented via the Embden-Meyerhof-Parnas pathway and involved a pyrophosphate-dependent phosphofructokinase (EC 2.7.1.90) rather than an ATP-dependent phosphofructokinase (EC 2.7.1.11). Strain Z-1203T had a growth requirement for yeast extract which could be replaced by single amino acids, including L-alanine, L-glutamate, L-valine, and L-isovaline.
Cultural characteristics. Growth of both strains was inhibited by penicillin, neomycin, erythromycin, tetracycline, polymyxin B, and novobiocin at concentrations of 100 ps/ml. Rifampin and streptomycin at concentrations of 100 pdml were not inhibitory to either strain. The differences in the temperature and NaCl ranges shown in Table 1 further strains from freshwater thermal springs. The strains of Pate1 et al. (9) did not grow at temperatures above 60°C, while our isolates grew at temperatures up to 73°C.
Taxonomic position. The morphology of strains RI 19.B1 and Z-1203T, together with their free-living nature and obligately anaerobic metabolism, places them in the genus Spirochaeta. These organisms differ from previously described strains in their extremely thermophilic and polysaccharolytic nature. None of the previously described members of the genus Spirochaeta grow at temperatures above 60°C, and none have been shown to be polysaccharolytic.
The glucose fermentation end products differ from those of the previously described species, most of which produce ethanol as a major end product (the single exception is Spirochaeta zuelzerae, which does not produce ethanol but produces succinate [3] ). Strains RI 19.B1 and Z-1203T do not produce either ethanol or succinate from the fermentation of glucose. The trace of isobutyrate produced by strain Z-1203T has been shown to be a product of growth in the presence of yeast extract. Isobutyrate production has been demonstrated in the marine mesophilic spirochete Spirochaeta isovalerica (7).
The differences between strains RI 19.B1 and Z-1203T and the previously described members of the genus Spirochaeta (3) are great enough to warrant a new species. We propose a new species, Spirochaeta thermophila, for our isolates, with strain 2-1203 (= DSM 6578) as the type strain.
Spirochaeta thennophila sp. nov. Spirochaeta thermophila (ther.mo'phi.la. Gr. n. therme, heat; Gr. adj. phila, loving; M. L. adj. thermophila, heat-loving). Single helical cells are 0.2 to 0.25 by 16 to 50 pm. Negative Gram stain reaction. No lysis of the cells occurs in 3% KOH. An outer sheath encloses a protoplasmic cylinder; two periplasmic flagella are present in a 1-2-1 arrangement and are subterminally anchored by an insertion disc. Strictly anaerobic chemoorganotroph. The temperature range for the type strain is 40 to 73°C (optimum, 66 to 68°C). The pH range for the type strain is 5.9 to 7.7 (optimum, 7.5). The NaCl concentration range for the type strain is 0.5 to 4.5% (optimum, 1.5%) (doubling time, 70 min). The temperature, pH, and salinity parameters vary for different strains, reflecting the environmental conditions prevailing at the sites of isolation. No reduction of fumarate, nitrate, oxygen, sulfate, or sulfur occurs. Utilizes various mono-, di-, and polysaccharides but not sugar alcohols, organic acids, or amino acids. Inhibited by penicillin, neomycin, erythromycin, tetracycline, polymyxin B , and novobiocin but resistant to rifampin and streptomycin. The fermentation end products from glucose are acetate, carbon dioxide, hydrogen, and lactate. Glucose is fermented via the Embden-Meyerhof-Parnas pathway, involving a pyrophosphate-dependent phosphofructokinase. Ethanol and succinate are not produced. Indole is not formed; urea is not hydrolyzed. Sulfide is not produced from cysteine, and esculin is hydrolyzed. The guanine-plus-cytosine content of the DNA is 52 mol% (as determined by the thermal denaturation method). Type strain 2-1203 (= DSM 6578) was isolated from a marine hot spring near the beach on Shiashkotan Island, Soviet Far East, USSR.
